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ABSTRACT
We have obtained high resolution Echelle spectra (R = 30,000 - 50,000) of the
Na D absorption doublet (λλ5890, 5896) for six dwarf starburst galaxies and two
more luminous starbursts: M82 and NGC 1614. The absorption features were
separated into multiple components and separated into stellar and interstellar
parts based on kinematics. We find that three of the dwarfs show outflows, with
an average blueshift of 27 km s−1. This is small compared to the highest velocity
components in NGC 1614 and M82 (blueshifted by 150 km s−1 and 91 km s−1,
respectively); these two brighter galaxies also show more complex absorption
profiles than the dwarfs. None of the outflow speeds clearly exceed the escape
velocity of the host galaxy. Sightlines in NGC 2363 and NGC4214 apparently
intersect expanding shells. We compare the shocked gas velocity (vNaD) to the
ionized gas velocity (vHα) and interpret the velocity difference as either a trapped
ionization front (NGC 4214) or a leaky H II region (NGC 2363). The dwarfs show
NNaD = 10
11.8−13.7 cm−2, while the Na D columns in M82 and NGC 1614 are 1013.7
cm−2 and 1014.0 cm−2, respectively. The mass of expelled gas is highly sensitive
to outflow geometry, dust depletion, and ionization fraction, but with a simple
shell model we estimate neutral outflow gas masses from ∼106 M⊙ to ∼10
10 M⊙.
Subject headings: galaxies: dwarf – galaxies: ISM – galaxies: kinematics and
dynamics – galaxies: starburst – stars: formation
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1. Introduction
Galactic winds are driven by supernovae and stellar winds in starburst galaxies. They
drive outflows of metals and dust from the interstellar medium (ISM) into the galactic halo
and even into the intergalactic medium (IGM). These outflows may also heat the intracluster
medium and enrich it with metals, although the amount of matter permanently escaping the
galaxy is still debated. The amount of interstellar gas expelled into the IGM by a starburst
in a “blowout” is thought to depend on the star formation rate within the galaxy, the escape
velocity of the galaxy, and the presence of an extended, low-density gaseous halo (Silich &
Tenorio-Tagle 1998; Legrand et al. 2001). In dwarf starbursts, the mass-loss measurements
have focused on the ionized components of this multi-phase flow. In this paper, we explore
the kinematics of the cold, neutral clouds in dwarf starburst outflows.
Due to their low gravitational potential, dwarf starburst galaxies have small binding
energies and may be particularly vulnerable to large mass loss via superwinds. Previous
works have studied X-ray emission from hot gas within the starbursts (Dahlem, Weaver,
& Heckman 1998; Martin, Kobulnicky, & Heckman 2002), and optical line emission (e.g.
Lehnert & Heckman 1996) and absorption (Martin & Armus 2004; Rupke, Vielleux, &
Sanders 2002; Heckman et al. 2000 - hereafter HLSA) from larger, more luminous galaxies.
Other studies have observed dwarf galaxies in emission (Marlowe et al. 1995; Martin 1999),
but ours is among the first to study dwarf starbursts in neutral absorption lines at optical
wavelengths. We present a small sample of dwarf starburst galaxies and attempt to quantify
mass flux in the cold neutral medium (CNM).
The advantage of looking at absorption lines is that we can eliminate all ambiguity in
the direction of the radial flow of gas. Using the starburst itself as a background continuum
source, it is known absolutely whether the gas we see in absorption is falling in (redshifted) or
expanding outward (blueshifted). Moreover, unlike emission lines, whose strength scales as
density squared, the strength of spectral lines seen in absorption are directly proportional to
the column density of the neutral gas along the line of sight. Several previous studies (Phillips
1993; Lequeux et al. 1995; Gonzalez-Delgado et al. 1998; HLSA; Martin & Armus 2004) have
detected interstellar absorption lines in starburst galaxies of various sizes and morphologies,
finding blueshifted neutral gas and related large-scale outflows of metals. HLSA find an
average outflow speed of ∼100 km s−1 for luminous infrared galaxies (LIRGs) and more
recently, Martin & Armus (2004) and Rupke et al. (2002) find outflow speeds of up to 700
km s−1 for two samples of ultraluminous infrared galaxies (ULIRGs).
We focus our observations on the Na I absorption doublet (5889.95 A˚ and 5895.92 A˚,
also called the Na D doublet) because it is stronger than any other optical resonance line
(e.g. K I, Ca II); most other cosmically abundant resonance lines are produced in the UV
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and therefore cannot be observed in nearby galaxies with ground-based telescopes. Na D is
a good tracer of cold neutral gas because its ionization potential (5.14 eV) is less than that
of hydrogen, so we can be sure any Na I absorption is occuring in a cold region of the ISM.
It is also important to note that sodium is not as strongly depleted in diffuse, low-velocity
clouds as K I or Ca II (Spitzer 1968; Savage & Sembach 1996). By using high resolution
spectroscopy we can resolve individual, kinematically distinct doublet components within
the absorption profiles. At lower resolution, deconvolving the absorption components of
disparate origins is a more difficult task (see, e.g., HLSA).
It is our goal to observationally determine the kinematics of the CNM in our sample
of starburst galaxies. In the second section of this paper, we discuss the observations, data
reduction, and basic data analysis. In §3 we detail our method of separating stellar and
interstellar sodium, discuss the kinematics and widths of the absorption features, and then
use the interstellar sodium to determine a column density. In §4 we present our interpretation
of the data, including simple models for outflow scenarios in the individual galaxies. The
final section summarizes our major results.
2. Observations & Data Reduction
We observed eight nearby galaxies using the Keck I High Resolution Echelle Spectrom-
eter (HIRES; Vogt et al. 1994) on 3-5 February 2000. Table 1 lists relevant properties of
the galaxies. Six of the eight galaxies in the sample are classified as dwarfs; we define dwarf
galaxies to have MB ≥ -18 for our choice of H0 = 75 km s
−1 Mpc−1. NGC 1614 is a LIRG
(Alonso-Herrero et al. 2001). M82 is slightly brighter than a dwarf galaxy, but less luminous
than a LIRG, making it a good object with which to study the transition between the dwarfs
and the LIRGs (Sofue 1997). The dwarf galaxies were selected mainly for compatibility with
Martin 1998, which provides reference Hα (λ6563) narrowband images as well as preselect-
ing galaxies with intense star formation over the range -13.5 < MB < -18.5. The sample of
galaxies observed here are also seen in Hα to contain expanding supershells of ionized gas.
NGC 1614 was not observed in that study, but does have large-scale Hα structure (Neff et
al. 1990). The slit in Martin’s 1998 observations missed the bubble in NGC 5253; however,
this galaxy was seen to contain an expanding shell in Hα by Marlowe et al. (1995).
The galaxies were observed with HIRES using both the red and blue cross dispersers
to obtain full coverage of the desired wavelength range (i.e. from Ca II to K I). The red
cross disperser covered the spectral range 5400 A˚ – 7700 A˚; the blue cross-disperser produced
spectra in the range 3700 A˚ – 5900 A˚, with Echelle orders overlapping in wavelength to
give complete spectral coverage to ∼5000 A˚. One galaxy, NGC 4214, was observed at two
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positions, hereafter called NGC 4214-1 and NGC 4214-2 (a bright star cluster at the galactic
nucleus and a cluster of star-forming knots, respectively – see §4.2.4). NGC 4214-2 was not
observed with the blue cross-disperser. In all galaxies, the slit covered the brightest optical
cluster to give the strongest continuum source against which to measure the absorption.
Decker A12 was used; the slit size was 10” × 0.73” for NGC 1614 and NGC 4449, and 10”
× 1.24” for all other galaxies.
The spectra were processed with the ECHELLE package in IRAF1 using standard tech-
niques. The CCD chip overscan region was used to bias-subtract the images, and a quartz
lamp was used to flat-field the images in CCDPROC. Cosmic rays were removed from the
CCD images by averaging multiple images of the same galaxy taken in succession on the
same night; if multiple frames were unavailable, the IRAF task COSMICRAY was used to
remove singular, bright pixels from the image. We did not flux-calibrate the spectra, as we
are concerned primarily with measuring the equivalent width of absorption lines, which are
purely a function of the normalized continuum intensity (Spitzer 1978). A Thorium-Argon
lamp was observed for spectral wavelength calibration, resulting in rms residuals in each
echelle order of less than 0.5 km s−1. The resolution of the spectrum is 11 km s−1 (6 km s−1)
for the 1.24” (0.73”) slit, as measured from night sky lines. After the orders were extracted
and the sky background was subtracted using the task DOECSLIT, the spectrum for each
order was divided by the continuum to provide a normalized spectrum. The absorption line
profiles were fit with Gaussian components using the IRAF task SPECFIT (Kriss 1994).
This allowed us to fit multiple pairs of sodium lines to each profile and accurately measure
the equivalent width of the lines.
3. Results
The Na D doublet was detected in six of the eight galaxies: NGC 1569, NGC 1614,
NGC 4214-1 and -2, NGC 4449, NGC 5253, and M82. No absorption was seen in NGC 2363
or I Zw 18. We believe the Na D in NGC 5253, NGC 4214-1, and specific components of
NGC 1569 and NGC 4449 are likely stellar in nature, via arguments discussed in section
3.1. The spectra of the five galaxies in which interstellar sodium absorption was detected
are shown in Figure 1; there are a total of ten interstellar Na D absorption components.
It is interesting to compare the absorption line kinematics to those of emission-line gas.
1IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Ob-
servatories, which are operated by AURA, Inc., under cooperative agreement with the National Science
Foundation.
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Hα kinematics were previously measured across large regions in the dwarfs in this paper
and M82 to map out superbubbles by Martin 1998. Our observations directly measured the
Hα also – albeit over a much smaller region. Nonetheless, we can use the Hα along these
particular sightlines to tie Na D kinematics into these larger structures. The detailed results
of these spectra will be discussed individually in §4.2
3.1. Stellar and Interstellar Sodium
In order to make a statement about the properties of the interstellar sodium in these
galaxies, we need to first determine that the sodium we see is actually interstellar. The Na
D resonance doublet is prominent in the spectra of cooler stars. The spectrum of a dwarf
will be dominated by K-type giants and supergiants if the starburst is older than ∼10 Myr
(Leitherer et al. 1999); these stars show strong photospheric sodium absorption. Therefore,
we must find a way of deciphering the nature of the neutral sodium observed.
We have made use of the available stellar spectral lines in our data to help distinguish
between stellar and interstellar sodium. In particular, the Mg b band triplet (5167.32 A˚,
5172.68 A˚, and 5183.60 A˚) is a good indicator of the presence of certain stellar populations.
The Mg b triplet is present in F through M stars, with maximum absorption in the range K0
to M3, and is not present in the CNM because it is a highly excited line. Therefore, we can be
certain that any Mg b absorption we see is from a stellar atmosphere. The equivalent width
of this absorption feature is also well correlated with that of the stellar Na D absorption; we
can use the Mg b to disjoin the stellar and interstellar sodium by fitting the Na D absorption
profiles with multiple components, one of which corresponds to a purely stellar feature.
Using the stellar atlas of Jacoby, Hunter, & Christian (1984), we have measured the
equivalent widths of the Mg b and Na D absorption lines in a sample of stars and fit the
data with a least-squares fit. We find
W(NaD) = (0.40± 0.05)×W(Mgb) + (0.65± 0.28). (1)
This is shown with the data from the stellar atlas in Figure 2. This is consistent with the
calculations of Rupke et al. (2002) that W(NaD)∼ 0.5W(Mgb). We can use this relationship
to predict the strength, width and velocity of the stellar component of the Na D absorption.
There are two galaxies in our sample, NGC 1569 and NGC 4449, which have both a stellar
and interstellar component. NGC 5253 has what appears to be a purely stellar component,
and therefore is not included in the sample of galaxies showing interstellar neutral sodium
absorption. The equivalent widths of the stellar and interstellar Na D and Mg b for these
three galaxies are shown in Figure 3, and the Mg I spectra are presented in Figure 4. The
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central component of the M82 absorption profile is near the systemic velocity (it is redshifted
by only 4 km s−1); however, no Mg b absorption is seen to a level of 0.24 A˚. Since the
equivalent width of the Na D absorption in this central component is 1.44 A˚, we can safely
say that there is no significant population of cool giants and supergiants contaminating the
spectrum at this position, and we will assume this component is purely interstellar.
HLSA classify their “interstellar dominated” sample galaxies as having a larger line
width than their “strong stellar contamination” galaxies. Since our spectra are well resolved
and we are able to distingush between stellar and interstellar lines, it is interesting to note
that we can use this method, rather than the overall width of the absorption profile, to
categorize the Na D. There are only two galaxies (NGC 1569 and NGC 4449) where we have
both stellar and interstellar lines, and both of these absorption line systems have a larger
interstellar width than stellar. Similarly, HLSA found that systems with largers widths are
interstellar dominated.
3.2. Kinematics of the Interstellar Na I
To discuss the kinematics of the CNM, it is imperative to know the systemic velocity
(vsys) of the galaxy, i.e. the heliocentric velocity of the starburst. However, one may wish
to compare data with previous observations in which the velocity of the galactic center of
mass was used. Usually the center-of-mass velocity and the stellar velocity are similar, unless
the galaxy is inclined and the starburst region is far from the axis of rotation; this could
create a velocity offset between the starburst velocity and that of the galactic nucleus. In
this case, it may be better to use the velocity of the stars themselves. We were able to get
stellar velocities for three galaxies (NGC 1569, NGC 4449, and NGC 5253) by using stellar
absorption lines (see §3.1). In the other five galaxies, we set the systemic velocity using (in
order of preference) CO maps (NGC 1614, NGC 4214, and M82), optical lines (NGC 2363),
and stellar velocities (I Zw 18). Table 1 gives the systemic velocities used in this analysis
and their sources. A heliocentric velocity scale is used throughout the paper.
The HLSA sample of 32 LIRGs showed significant blueshifts in the Na D doublet for
their “interstellar dominated” outflows, indicating nuclear outflows with typical velocities
of ∼100 km s−1. Our data for the dwarf galaxies also show the Na D absorption to be
blueshifted, although with overall slower outflow speeds (∼30 km s−1). NGC 1614 and M82
show both redshifted and blueshifted components; these are further discussed in §4.2. The
velocities for individual interstellar absorption components are given in Table 2.
The line width (FWHM) of the interstellar components for the dwarfs and M82 ranges
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from ∼30 to ∼80 km s−1, with an average of 43 km s−1. The existence of such broad
absorption lines in neutral sodium leads us to conclude that there are multiple clouds of cold
gas producing each component of the absorption; the thermal width of a cloud of cold gas
at ∼100 K would be only ∼0.20 km s−1. Moreover, the line widths of cold clouds in the
Galactic halo are found to be just a few km s−1 (Spitzer & Fitzpatrick 1995). The individual
line widths in NGC 1614 are significantly larger (∼100 km s−1 or more) than those in the
dwarfs or M82 (∼45 km s−1). The total width of all components in M82 is relatively large
(236 km s−1).
Among the dwarfs in the sample, we do not see a correlation between the FWHM of the
lines and the rest-frame equivalent width. However, when the data for M82 and NGC 1614
are added, there is a trend wherein equivalent width increases in proportion to FWHM, for
these N points. Given the lack of correlation seen by HLSA using a much larger data set, we
conclude only that the largest values of FWHM (and similarly the largest equivalent widths)
are much smaller in dwarfs than in brighter galaxies.
3.3. Column Densities
The doublet lines are fit with Gaussian profiles in pairs with SPECFIT to measure the
velocity, FWHM, and equivalent width W of each line (see Table 2). If the absorbing gas is
optically thin, then the blue (λ5890) line will be twice as strong as the red (λ5896) line, and
the “doublet ratio,” Wblue/Wred = 2. If the gas is optically thick, Wblue/Wred approaches
unity as the optical depth τ approaches infinity. In our data, just one component is optically
thin, the rest are optically thick.
We can easily measure how much of the continuum source is being obscured by absorbing
gas clouds by studying the residual normalized intensity Iλ of a line at wavelength λ. If Iλ
= 0 for the blue line of a doublet (i.e. the stronger line), then no continuum radiation is
“leaking” into the absorption line. In other words, the absorbing cloud completely covers the
continuum source and the covering factor Cf = 1. If a cloud does not cover the whole source,
the continuum radiation will “leak” into the absorption profile and increase the minimum
flux, Iλ, and Cf < 1. Specifically, following the derivation of Barlow & Sargent (1997), we
can find the covering factor:
Cf =
I2
5896
− 2I5896 + 1
I5890 − 2I5896 + 1
. (2)
In our data, the covering factor ranges from 0.23 to 1.0 (see Table 2).
Now that we know the covering factor of the absorbing gas, we can determine the Na
D column density. The curve of growth relates the optical depth at line center, τ0, to the
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doublet ratio via a function F(τ0), determined numerically (Spitzer 1978). The column
density is then
N =
{ pi1/2τ0
2F (τ0)
}
1.13× 1020
Wλ
λ2f
cm−2 (3)
(Spitzer 1968), where f is the oscillator strength (Morton 1991), and Wλ and λ are given in
Angstroms.
Using this method, we find that N(NaD) in the dwarfs ranges from 6.2 × 1011 cm−2
in NGC 1569 to 5.1 × 1013 cm−2 in NGC 4449. We find the total neutral sodium column
densities in NGC 1614 and M82 to be 1.0 × 1014 cm−2 and 2.4 × 1013 cm−2, respectively. The
measured equivalent widths, and the calculated covering factors and Na D column densities,
are presented in Table 2. From the column density of sodium, we can then use the metallicity
of the galaxy (given in Table 2; (Na/H)⊙ = 2.04×10
−6 – Martin & Zalubas 1981) to find the
total H I column probed. A source of systematic uncertainty is the contingence of neutral
sodium column density on the ionization parameter, fion, as well as the fractional depletion
of sodium onto grains, fD. Since dwarfs typically have a low metallicity, we expect lower
dust content and depletion level than in larger galaxies. It is the product of these, fDfion,
which is the important factor in our calculations, as is seen in Wakker & Mathis (2000).
They measure the abundance of neutral sodium in Galactic high- and intermediate-velocity
clouds. Using their results and a typical H I column of 1020 cm−2, we calculate fDfion =
∼300. We therefore parameterize the column densities by a simple factor of (fDfion/100) to
reflect the typical correction, and calculate the total H I column using the equation
N(Na I)
N(H I)
=
(Na
H
)
⊙
( Z
Z⊙
) 1
fDfion
. (4)
We find that the corresponding N(H I) in the dwarfs could be as large as 1020(fDfion/100)
cm−2 (NGC 1569) to 1022(fDfion/100) cm
−2 (NGC 4449). In M82 and NGC 1614, this
conversion gives a total H I column of 1021(fDfion/100) cm
−2 and 1022(fDfion/100) cm
−2,
respectively.
3.4. Comparison to K I Absorption Spectra
In addition to Na D, the K I resonance absorption line (λλ7664.91, 7698.97) is also
present in two of our spectra. K I and Na I have similar ionization potentials (4.34 eV
and 5.14 eV, respectively) and similar depletion levels (Savage & Sembach 1991, Wakker &
Mathis 2000), so it is expected that the species will be spatially coincident in the CNM.
It is unfortunate that in nearby galaxies, K I is found in spectral regions that are strongly
contaminated by the Fraunhofer A-band absorption from atmospheric O2 (near 7600 A˚). In
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only two galaxies were we able to discern the K I absorption: NGC 1569 and NGC 1614.
NGC 1569 is luckily blueshifted slightly away from the sky absorption, while NGC 1614
is redshifted out of the contaminated region entirely. Other galaxies are either completely
contaminated by the Fraunhofer absorption, the K I doublet is too weak to measure, or the
lines lie between Echelle orders.
The K I profile is arguably a better constraint on the cold gas kinematics than the
Na D profile because the doublet spacing is wider, and the K I oscillator strength is lower
so the lines are less saturated. We fit the K I profile in NGC 1614 with SPECFIT and
found components at -149 km s−1 and +70 km s−1. This result helped us pin down the best
component velocities for the Na D fits, which were previously poorly constrained. Due to
the low signal-to-noise of the continuum, the doublet ratio and covering factor are uncertain.
The results of the fitting are presented in Table 3.
Without the addition of K I, the Na D profile for NGC 1569 is blended with Galactic
absorption and atmospheric emission. The stellar profile from the starburst is constrained
by Mg I absorption, leaving a range of possibilities for the central velocity of the interstellar
Na D. We find K I absorption at -24 km s−1, thereby defining the velocity at which the
interstellar Na D lies. Due to the Fraunhofer absorption, the normalization of the continuum
in the NGC 1569 spectrum is likely imperfect and the column densities in Table 3 are highly
uncertain. The K I spectra do not provide a useful column density constraint.
4. Dynamics of the Cold Neutral Gas
Although we sample just one sightline, we can estimate how much of the CNM is
brought out into the outflow, if any. Only five of the sample galaxies show interstellar
sodium absorption, just three of which are dwarfs. Due to the intricacies in geometry and
modeling of the individual galaxies, as well as the small number of sample galaxies, it is
preferable to look at each galaxy individually. Below we discuss the galaxies independently,
detailing the information gleaned from their spectra, and presenting a model of the starburst
kinematics and any outflow/infall structure. Ideally, we would like to be able to calculate the
amount of cold, neutral gas flowing into the IGM, when possible. This requires knowledge
not only of the kinematics and column densities, but also the geometry of the starbursting
region itself.
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4.1. Calculation of Superbubble Masses
One important application of measuring the column density of a superbubble or shell
region around a starburst is to measure the mass of gas being expelled from the starburst.
We can do this, so long as we make a few assumptions. We use the wind/bubble model
introduced by Weaver et al. (1977), wherein a starburst is surrounded by concentric shells
of (in order of increasing radius) a free-flowing wind, a shocked wind, and a shocked shell
of neutral ISM. The Stro¨mgren sphere of the stars may be trapped in the shell, or may
completely photoionize the region. We postulate that the Hα emission is found in the warm,
dense ionized gas region, while the Na D absorption is found in the colder, shocked neutral
gas region. This model is applicable in light of the expanding shells of warm gas seen in Hα
images by Martin 1998. We assume the shells are perfectly spherical, making the mass a
function of the column density within the shell and the area of the shell. Given a shell of
radius R, the mass of the shell in neutral hydrogen is
M(H I) = 4piR2N(H I)µmHC
−1
f . (5)
All of the following models use parameters (R, Z/Z⊙) as are detailed in Table 4 and Na I
column densities as given in Table 3 and transformed into N(H I) using Equation 4. The
column densities assume ionization fractions and depletion parameters as discussed in §3.3,
namely that fDfion = 100.
4.2. Individual Galaxies
4.2.1. NGC 1569
The sightline to NGC1569 intersects the midplane of the disk. We observe the shell
1569-C in Hα at a radius of ∼3” (32 pc) from the continuum source. This is most likely the
same region in which Mu¨hle et al. (2001) parameterized an H I “hole,” associated with the
starburst, 1 kpc in diameter expanding at 7 km s−1. The neutral gas outflow we observe in
the nearby dwarf galaxy NGC 1569 is moving more slowly than the bipolar outflow seen in
Hα by Martin (1998). If we assume the neutral sodium is spatially coincident with the edge
of this H I hole, i.e. the neutral sodium is swept up in a slowly expanding shell around the
starbursting area, then we find the total mass of cold, neutral gas swept up to be 2.2× 107
M⊙(R/100 pc)
2. The H I mass of this galaxy is found from radio observations to be 8.4×107
M⊙. Therefore, the neutral gas in the shell modeled is a small fraction (.10%) of the total
neutral gas mass of the galaxy.
Martin et al. (2002) imaged NGC 1569 in X-rays with Chandra and argued that the
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observed outflowing wind is strong enough to blow through the galactic halo. In fact, they
found that nearly all of the metals ejected by the starburst are carried into the IGM by
the galactic superwind, and are primarily from the stellar ejecta itself, not the entrained
ISM. Therefore, it is not surprising that this galaxy shows the smallest amount of outflowing
neutral gas of our entire sample. The outflowing mass is measured to be 1.4 × 106 M⊙ in
hot gas and 8.8× 106 M⊙ in warm gas (Martin 1998). In contrast, we find 2.2 × 10
7 M⊙ in
H I for a 500 pc (radius) shell.
From Mg b band absorption we know there must be a stellar component of the Na
D profile at the systemic velocity. By fitting a corresponding stellar component to the Na
D profile, and by fitting the atmospheric absorption and Galactic emission, we find there
is one interstellar absorption component required for a good fit (see Figure 5). This gas,
blueshifted 24 km s−1 from the systemic, corresponds to the K I absorption seen at the
same velocity. We use a value of vsys = -40 km s
−1± 0.6 km s−1, obtained from the Mg
b band absorption in the stellar atmospheres within the starburst. It is important to note
that our value of the systemic velocity is somewhat lower than the typical values for this
galaxy: Meier et al. (2001) used 12CO to find a systemic velocity of -68 km s−1, while Stil
& Israel (2002) used the galaxy’s H I rotation curve to find a mean systemic velocity of
-82 km s−1. In fact, when comparing the heliocentric velocity of the Na D with the above
values of the systemic velocity, it is possible that while the Na D is blueshifted in relation
to the Mg I, it may be at the systemic velocity or even redshifted. Additional uncertainty
in the analysis of the cold interstellar gas arises from possible absorption by neutral gas in
intervening Galactic intermediate- or high-velocity clouds (Kuntz & Danly 1996). Moreover,
H I in the Galactic thin disk is seen towards NGC 1569 (Hartmann & Burton 1997), and
could overlap in velocity with the lines from NGC 1569.
4.2.2. NGC 1614
We observed NGC 1614 in order to extend our observations beyond the scale of dwarf
galaxies and into a higher luminosity class. This relatively close LIRG (D = 64 Mpc for Ho
= 75 km s−1 Mpc−1) has a violent starburst in the central region which is thought to have
been triggered by interaction with another massive galaxy, as evidenced by outer structures
including plumes, tails, and a possible secondary nucleus as seen by Alonso-Herrero et al.
(2001). We observe the primary/nuclear starburst. The disk of this galaxy is inclined at
i = 51◦ to the line of sight (Alonso-Herrero et al. 2001), so our sightline intersects the
outflow.
Our observations of this galaxy successfully resolve the absorption profile into two sep-
– 12 –
arate components – a weaker outflowing component at -149 km s−1, and a stronger infalling
component at +70 km s−1. The spectra of Na I, K I λ7665, and Hα are shown, along with
the individual components of Na I and K I, in Figure 6. Alonso-Herrero et al. (2001) use
the integrated far-infrared luminosity of the galaxy to find a star formation rate of 52 M⊙
yr−1. Combined with their value of the total gas mass fueling the starburst (3 × 108 M⊙),
we find the starburst age to be 5.8 Myr. Using this age and the velocity of the outflowing
neutral sodium absorption component, we can determine the radius of the shell assuming a
constant velocity expansion. We find in this model that the outflowing component supports
a shell 1 kpc in radius, with a total outflow mass of 2.1× 109 M⊙(R/1 kpc)
2. Assuming the
redshifted/infalling component is a spherical shell, we parameterize it in terms of a bubble
with radius 1 kpc. This case gives a total infalling mass of 2.9 × 109 M⊙(R/1 kpc)
2. The
total H I mass of this galaxy is given by Bushouse (1987) to be 1.7× 109 M⊙, so the simple
shell geometry cannot completely model the cold ISM of this galaxy.
This complex system is difficult to sort out. The completely uncoupled kinematics of
the Hα and Na D spectra suggests that the shock fronts and ionization fronts are moving
independently. It is possible that we are seeing redshifted absorption due to neutral gas in
one of the filaments of gas or spiral arms of the galaxy – the violent interaction of NGC 1614
colliding with another galaxy has created a complex system of filaments and hot spots which
may cause the infall of cold, neutral gas. Alternatively, there may be separate continuum
sources, one redshifted and one blueshifted, and at least one of which is offset from the
galactic rotation axis.
4.2.3. NGC 2363
NGC 2363 is an extremely luminous giant H II region connected to NGC 2366. Our
observations of the nuclear starburst show a very straightforward double-peaked emission
line structure with components at an average velocity of 83 km s−1 and 107 km s−1. This is
in agreement with the models of Roy et al. (1991, and references therein), who observed this
galaxy in [O iii] (λ5007) and also found very clear line splitting. We see no Na D absorption,
and place an upper limit on the column density of N(Na I) ≤ 6× 1011 cm−2.
With our emission line data – both spectra and echellegrams – we can support the
claim of Roy et al. (1991) that there is a relatively simple system with one superbubble
(presumably expanding) around this giant H II region. Our [O iii] line splitting of 29.4 km
s−1 (i.e. an expansion velocity of 14.7 km s−1), compared with the data of Roy et al. (1991),
leads us to believe that we are looking at a region about 7 arcsec – or a physical size of 122
pc at a given distance of 3.6 Mpc – from the center of the superbubble. From this distance
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and the blending of the emission lines in our data, we can deduce that we are seeing the
edge of the bubble. The difference in the size of the bubble given by our measurements and
those of Roy et al. (1991) can be attributed to the difference in assumed distance to the
galaxy. Our upper limit on the total mass of cold neutral gas is 1.2 × 106 M⊙(R/122 pc)
2.
The ionized mass of NGC 2363 was found by Luridiana, Peimbert, & Leitherer (1999) to be
3.4× 106 M⊙, which indicates that the outflowing cold gas is a small fraction of the galactic
mass.
The absence of Na D absorption tells us that the ionization front created by the starburst
may have “caught up” to the shock front, so that the ionization front is no longer trapped
within the expanding shell. Hence, we find a lack of neutral gas, even though there is very
obviously a shell present both in previous observations and in our Hα observations. This
results in a “leaky,” expanding H II region, with ionizing radiation escaping beyond the edge
of the shell.
4.2.4. NGC 4214
This nearby dwarf galaxy went through a starburst phase which started roughly 107
years ago (Huchra et al. 1983). We observed two different positions in the galaxy, as discussed
in §2. NGC 4214-1 (north-west complex, J2000 R.A.=12.h15.m39.s48, Decl.=36◦19′31.′′00) cor-
responds to a bright super star cluster (SSC) and likely the galactic center, while NGC 4214-2
(south-east complex, R.A.=12.h15.m37.s99, Decl.=36◦19′44.′′20) is made of several smaller star-
forming knots. We will discuss these regions separately due to their disparate geometry and
kinematics. Note that our positions NGC 4214-1 and -2 correspond to knots 1 and 2 of
Sargent & Fillipenko (1991) and regions i and ii in MacKenty et al. (2000).
NGC 4214-1
NGC 4214-1 is the brightest starburst knot in this galaxy. The central knot in this region
is a massive SSC containing several hundred O stars (Leitherer et al. 1996; Sargent &
Fillipenko 1991). Observations of ionized and neutral hydrogen around this massive star-
forming site have found large cavities in the ISM, suggesting material was blown out of these
areas by stellar winds and supernovae. The starburst can be characterized, using the stellar
population, as an instantaneous starburst aged around 3.5 Myr (Cervin˜o & Mas-Hesse 1994).
No Mg I absorption is seen in this spectra as there is low signal-to-noise near the Mg b
triplet. Additionally, the Na D absorption seen is at the local systemic velocity, so we cannot
make a conclusive statement about the nature of the absorption. However, accounting for
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the upper limit on both the equivalent width of Na D (0.04 A˚) and Mg b (0.03 A˚), we can
say that upon comparison with equation (1) and Figure 3, it is highly likely that the Na D
absorption seen is stellar. If this is not the case and the absorption is interstellar, then this
may be an extension of the observations of Leitherer et al. (1996), who observe interstellar
UV lines at the systemic velocity. Assuming the Na D absorption is completely interstellar
(i.e. an upper limit), then the covering factor is 0.52 and the column density of Na I is
5.87× 1011 cm−2. Assuming a bubble radius of 700 pc (an educated guess based on the Hα
morphology seen in Martin 1998), we find an upper limit on the mass of the stationary shell
of 2.5× 107 M⊙(R/700 pc)
2.
NGC 4214-2
This region has a much different morphology than NGC 4214-1, with ionization by three
small OB associations (∼4,000 roughly coeval OB stars observed as Hα knots). Our Hα
profile is double-peaked, showing a bright emission line blueshifted from vsys and a weaker
redshifted component, suggesting an expanding shell in Hα. Indeed, in looking at the Hα
echellegram, one can easily see the “hole” which indicates the center of the shell (see Figure
7). The Na D and Hα spectra are plotted against velocity for NGC 4214-2 in Figure 8. Since
we have no blue spectrum for this position, we cannot use Mg I to define the nature of the
gas. However, the Na D profile is blueshifted from the local systemic velocity as given by
CO (Becker et al. 1995); this leads us to believe the absorption is interstellar.
The neutral sodium is observed to be expanding at 23 km s−1, with a width of 40 km
s−1. The Hα and Na D profiles have the same Doppler width. The kinematics indicate that
there is an expanding neutral shell and an ionized shell. The ionized shell is presumably
interior to a concentric shell of neutral gas, and the Hα shell seems to be expanding a few
km s−1 faster than the Na D shell (i.e. is more blueshifted). Assuming a single, expanding
shell, the total mass of neutral gas flowing out of NGC 4214-2 is ∼ 7.5×107 M⊙(R/500 pc)
2.
NGC 4214 has a total H I mass of 1.9×109 M⊙ (Kobulnicky & Skillman 1996; McIntyre
1998). The combined mass of the maximum possible outflow in NGC 4214-1 and the outflow
in NGC 4214-2 is ∼ 108 M⊙. This indicates that while the outflow is significant, it is but a
fraction of the total neutral ISM; its gas structure as a whole should be considerably affected
by the starbursting region.
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4.2.5. NGC 4449
This nearby galaxy has an unusually large B-band luminosity – brighter than any other
dwarf in this sample (see Table 1). Chandra X-ray imaging shows an expanding superbubble
within a cavity of Hα emission in the region we observe (Summers et al. 2003), and H I
observations show an unusually massive galactic halo (Bajaja, Huchtmeier, & Klein 1994).
Imaging in Hα (Martin 1998) shows a system of large shells breaking out along a nuclear bar
structure, with smaller bubbles growing along the edge of the galactic disk. It is possible
that these smaller bubbles merge into a larger bubble.
The HIRES spectra show that the cold, neutral gas in NGC 4449 is kinematically
uncoupled from the warm, ionized gas as seen in Hα (see Figure 9). The region we observe is
the center of the Hα emission (Hunter et al. 1998), and the neutral sodium we see expanding
at 34 km s−1 is most likely a product of several superbubbles expanding out of the galactic
plane along the line of sight. Indeed, the column density, NNaD = 5.1 × 10
13 (fDfion/100)
cm−2, is larger than in any other dwarf. The unusually large sodium column may be due
to additional neutral gas in the halo, explaining the existence of as much as 300 times more
neutral matter in this galaxy as compared to NGC 1569 or NGC 4214 (Bajaja et al. 1994).
If the CNM being expelled from the nuclear region is being pushed by the conglomerate
effect of the Hα bubbles, we can approximate the geometry of the neutral gas by a single
bubble with a radius ∼1 kpc. This radius is on the order of the radius of the largest complex
seen in Hα imaging, which Martin (1998) calls NGC 4449-A (radius = 950 pc). Given the
high column and radius, we find that this shell contains a total neutral gas mass of 7× 109
M⊙(R/1 kpc)
2. From radio observations, Bajaja et al. (1994) find a total galactic H I mass
of 2.3× 109 M⊙, which suggests that we may be seeing the galaxy’s massive halo along our
line of sight.
4.2.6. NGC 5253
We detect Na D absorption at a 3σ level in NGC 5253, but as discussed in §3.1, this
absorption is believed to be stellar because it is at the same velocity as the Mg I absorption
and it falls directly on the relation for stars (see Figure 3). Marlowe et al. (1995) observe
two kpc-scale superbubbles in Hα flanking the galactic center along its minor axis. We see
these in emission only: a brighter line blueshifted by 39 km s−1 and a weaker line blueshifted
by 73 km s−1. Our sightline to the nuclear starburst (5253-1; Calzetti et al. 1997) could
intersect either bubble, or both; the geometry is unclear. The upper limit on interstellar
sodium absorption we detect is N(NaD) = 2 × 1011 cm−2, which gives a mass of ∼ 107 M⊙
(R/870 pc)2 using the bubble radius seen in Hα by Martin (1998). This is still a large amount
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of mass, so this is by no means a definitive statement that there is no expanding shell; our
sightline simply misses the shells as shown in Martin 1998 (Figure 2j in that paper). The H I
mass of NGC 5253 is roughly 1.4 × 108 M⊙ (Kobulnicky & Skillman 1995), indicating that
the mass of cold outflowing gas detected is small compared to the total neutral gas mass of
the galaxy.
4.2.7. M82
Our observations of Na D in M82 show an extremely complex absorption system, best fit
with five separate absorption doublets. The two blueshifted components are the strongest;
there is a single component within 4 km s−1 of the systemic velocity (vsys = 214 km s
−1 –
see Table 1), and there are two fairly strong redshifted doublet lines. All of the components
are highly saturated with the exception of the redmost component, which is optically thin
(i.e. the doublet ratio = 2).
M82 is viewed edge-on, and our sightline intersects the nuclear region of the galactic
disk. A bright, bipolar outflow is observed out to distances of >11 kpc along the minor
axis of the galaxy (Lehnert, Heckman, & Weaver 1999). CO observations by Weiß et al.
(1999), combined with the schematic diagram presented by Ohyama et al. (2002, see their
Figure 7), leads us to believe we are looking through several filaments separated by regions
of warmer, nuclear emission. The CO images are centered on the most powerful supernova
remnant in the galaxy, SNR 41.9+58, roughly 17′′ from our sightline (R.A.=09.h55.m53.s1,
Decl.=69◦40′47.′′2). Using our value of the systemic velocity (214 km s−1, Lo et al. 1987),
the most redshifted component in our Na D spectrum is at approximately the same velocity
as the CO. This suggests that the redshifted atomic gas is absorption in the galactic disk
close to the molecular gas, near the starburst.
Hα images (Martin 1998) and H I images (Wills, Pedlar, & Muxlow 2002) show that a
large, expanding superbubble is seen along the minor axis of the galaxy, and is likely made
up of several smaller bubbles forming an outflow as they merge. We can make an educated
guess on the distance from the continuum source to the Na I absorbing gas by using the
ages derived from Hα shell expansion in Martin (1998), and find the dynamical age of the
shells to be ∼8 Myr. This gives shell sizes on the order of a few hundred pc. Assuming solar
metallicity, we can find the mass expelled in the simple case of independently expanding
spheres. The shells range in neutral gas mass from ∼ 5 × 106 M⊙(R/286 pc)
2 to 8 × 107
M⊙(R/500 pc)
2. These are relatively small compared to the other similarly luminous galaxies
where Na I absorption is detected; it should be noted that the radii given, and therefore the
masses, are a lower limit.
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4.2.8. I Zw 18
I Zw 18 is important to study due to its extremely low metallicity - O/H ≈ 0.02(O/H)⊙
- and high H I column, making it a prime candidate for a young galaxy undergoing its first
phase of star formation (Lequeux et al. 1979). Moreover, the galaxy has a relatively low
escape velocity, and feedback from star formation could drastically affect the galaxy (Martin
1996). We observed I Zw 18 hoping to see absorption from cold gas in the largest H II
region in the galaxy. However, we see no Na D absorption and our spectra show a relatively
featureless continuum, with a prominent hydrogen Balmer series and weak emission from
[O III] (λλ4363, 4959, 5007), and only the stronger line from the [S II] doublet at λ6716. We
can place an upper limit on the column density of Na D of ∼1012 cm−2, using a S/N ∼4 from
the continuum and an assumed line width of 30 km s−1 – on par with the line widths in other
dwarfs. This translates to an upper limit of 2.1×109 M⊙(R/970 pc)
2 on the mass of neutral
gas in I Zw 18, if the cold, neutral gas is entrained in the 970 pc superbubble parameterized
in Martin 1998. It would be somewhat surprising to find even this much neutral sodium in
this bubble, considering the incredibly low metallicity of this galaxy. Using a metallicity of
2% solar, we find an upper limit on the H I column of . 1022 cm−2. This is calculated given
an abundance [Na/H] = -1.70, which is consistent with the value of [Fe/H] = -1.76 derived
from FUSE observations by Aloisi et al. (2003). This roughly result agrees with previous
measurements of the H I column of a few × 1021 cm−2 (Aloisi et al. 2003; Lecavelier des
Etangs et al. 2004; van Zee et al. 1998), and is consistent with a ∼2% solar abundance of
sodium.
5. Conclusions
We have obtained high-resolution Echelle spectra of six dwarf starburst galaxies, NGC
1614, and M82 in order to study the cold interstellar gas in dwarf starbursts. Interstellar
neutral sodium column densities were obtained by measuring the equivalent width of the
Na D absorption doublet. We find that out of the eight galaxies, NGC 1569, NGC 1614,
NGC 4214-2, NGC 4449, and M82 unambiguously show interstellar sodium absorption, while
NGC 2363, NGC 4214-1, NGC 5253, and I Zw 18 do not. The dwarf galaxies NGC 1569,
NGC 4214, and NGC 4449 exhibit single-component outflows of neutral gas. NGC 1614 and
M82 have multiple interstellar components, some outflowing and some infalling, and both
galaxies show more absorption from outflowing gas than any dwarf galaxy.
The dwarf galaxies show trends similar to brighter, larger galaxies, but on a smaller scale.
While samples of LIRGs and ULIRGs are shown to have average outflow speeds of ∼100 km
s−1 (HLSA) and ∼700 km s−1 (Rupke et al. 2002; Martin & Armus 2004), respectively, the
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three dwarfs show an average outflow speed of only ∼30 km s−1. Additionally, most ULIRGs
(e.g. 73% in Rupke et al. 2002) show an outflow, whereas only half of the galaxies in our
sample have an outflow region. Spectral lines in dwarf galaxies also have smaller velocity
spreads.
It is particularly interesting to see how complex the absorption line spectra become
at high resolution. M82 is an excellent example of an absorption line system previously
believed to be a single pair of lines, but within each member of the doublet we find a wealth
of structure. We resolve at least five line pairs, showing the incredibly complicated nature
of the CNM in this galaxy. This is a very intriguing result and prompts us to wonder how
many of the galaxies in previous samples could be resolved into complex systems of multiple
components. NGC 1614 shows complex absorption as well, though it has a far smoother
profile in Na D (and K I) than M82. The three dwarfs with outflows do not seem to exhibit
this behavior, showing far simpler spectra.
For the first time we are able to combine measurements of the kinematics of the warm,
ionized gas in emission with absorption spectra of the cold, neutral gas. For sightlines
intersecting a single shell, we can determine whether the ionization front is trapped inside
the shock front. This works extremely well for NGC 2363, which is a simple expanding
bubble with an ionization front that has expanded beyond the shock front. NGC 4214-2 also
presents a relatively simple shell, and this galaxy also shows Na D absorption. From the
kinematics we postulate that the ionization front is expanding faster than the shock front,
though it has clearly not “caught up” yet, as there is still a concentric, outer expanding
bubble of cold, neutral gas. In other words, the ionization front is still trapped in the shell.
The kinematics of Na D and Hα are very different in other galaxies, and cannot be easily
explained by this straightforward picture.
Combining our measurements of Na I column density with previous observations of
superbubbles and supershells in the sample galaxies, we have parameterized the mass of
neutral gas (or a limiting case thereof) flowing out of the starbursting region. Using a simple
spherical shell model, we find the total neutral gas outflow masses to be roughly 106 to 1010
M⊙. NGC 4449 shows far more outflowing cold gas than any other dwarf galaxy. Compared
to the measurements of outflowing warm and hot gas from these galaxies (Martin 1998), it
is likely that the bulk of the energy in the outflow is carried by the warm and hot gas, rather
than cold gas.
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Fig. 1.— Normalized spectra of the Na D absorption line profile in the five galaxies in our
sample where sodium was detected. The solid line plotted over the data is the fit from
the SPECFIT program. The dotted lines represent the wavelengths corresponding to the
systemic velocity for each of the Na D lines, which is the velocity given by the stellar Mg I
absorption, H I rotation curves, or CO emission. The narrow emission and absorption in
NGC 1569 are due to the atmosphere and the Galaxy, respectively, and are shown in detail
in Figure 5.
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Fig. 2.— Total equivalent width of the Mg I absorption triplet versus that of the Na I doublet
using data from Jacoby, Hunter, & Christian (1984). The relevant stars for this application
are cooler ones in luminosity classes III (crosses), II (filled triangles), and I (filled circles).
The solid line is a linear least-squares fit to the data. This gives us a slope of 0.40 and a
y-intercept of 0.65.
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Fig. 3.— Total equivalent width of the Mg I absorption triplet versus stellar Na I (filled
circles), and total (stellar + interstellar) Na I (filled squares), for the three galaxies showing
Mg I absorption. Only one point is shown for NGC 5253 because it has a single stellar
component. The dotted line is the model used by HLSA, the dashed line is the fit given for
elliptical galaxies by Bica et al. (1991), and the solid line is our fit to the stellar spectra of
Jacoby et al. (1984).
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Fig. 4.— Mg I spectra for NGC 1569, NGC 4449, and NGC 5253, corrected for the systemic
velocity by dividing by (1+vsys/c). The vertical lines indicate the rest wavelengths of the
Mg b band triplet lines. The other stellar absorption lines present are Fe I (5162.3 A˚) and
Fe II (5169.0 A˚).
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Fig. 5.— Na D spectrum in NGC 1569, with no background subtraction. Vertical dotted
lines are at the systemic velocity given by Mg I absorption (−39.7 km s−1). Overplotted
are the model obtained using SPECFIT (solid line), the components of interstellar sodium
corresponding to the K I absorption (short-dashed line), and the components of stellar
sodium corresponding to the Mg I absorption (long-dashed line). The emission is at 0 km
s−1, due to sodium in the atmosphere, and is labelled “Atmos.” The deep, narrow absorption
is due to sodium in the galactic plane and is labelled “MW.”
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Fig. 6.— Na I, K I, and Hα spectra for NGC 1614. The solid lines are the Gaussian models
provided by SPECFIT, the dashed lines in Na I and K I show the components. In sodium, all
the Na D components overlap each other, whereas K I shows only the 7665 A˚ line. Note the
prominently blueshifted and redshifted components of the absorption features (at -149 km
s−1 and +70 km s−1, respectively), as well as the complete lack of correlation with the Hα
emission. The dotted line shows the systemic velocity, as determined from CO observations
by Casoli et al. (1991). The Na I was converted to a velocity scale using the wavelength of
the blue member of the Na D doublet.
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Fig. 7.— Hα echellegram for NGC 4214-2. Wavelength increases to the right. The vertical
axis is spatially along the slit; the aperture is 10” long (175 pc at a distance of 3.6 Mpc).
The total width of the Hα feature is 5.7 A˚, or 260 km s−1. The “hole” seen on the red side of
the spectral feature measures approximately 2” (35 pc) by 28 km s−1. The contour spacing
is linear.
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Fig. 8.— Normalized Na D and Hα spectra in velocity space for NGC 4214-2. The spectral
fit plotted over the data with a solid line. The dotted line is the systemic velocity (304 km
s−1) as given by 12CO (Becker et al. 1995). The top panel shows the blue (stronger) line
of the Na D absorption doublet (λ5890), which is blueshifted by ∼24 km s−1. The bottom
panel shows the Hα emission line, which is bimodal with one redshifted component and a
brighter component blueshifted by ∼30 km s−1. The difference in velocity suggests that the
ionization front is expanding faster than the shock front, although there is still a region of
cold, neutral gas between the two fronts.
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Fig. 9.— The normalized spectra in velocity space for NGC 4449 with spectral fit plotted
over with a solid line. The dotted line is the systemic velocity as given by Mg b band
absorption in this paper (192 km s−1). The top panel shows the blue (stronger) line of the
Na D absorption doublet (λ5890), which is blueshifted by ∼34 km s−1 and fit with a stellar
component at the systemic velocity. The bottom panel shows the Hα emission line, which
is fit with one component at the systemic velocity and a brighter component redshifted by
∼17 km s−1.
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Table 1. The Sample of Galaxies
Galaxy Type vsys vrot
a d MB M(H I) WNaD
b References
(km s−1) (km s−1) (Mpc) (107M⊙) (A˚)
NGC 1569 IBm -40 28 2.2 -17.26 5.9 0.92 1, 2
NGC 1614 SB(s)c pec 4730 210 64.0 -20.84 170 11.25 3, 4
NGC 2363 IB(s)m 70 53 3.6 -16.75 79 ... 5, 2
NGC 4214 IAB(s)m 304 35 3.6 -17.65 110 1.05c 6, 2
NGC 4449 IBm 192 65 3.6 -17.86 135 0.34 1, 2
NGC 5253 Im(pec?) 389 <15 4.1 -17.62 20 0.73 1, 2
M82 I0 214 135 3.6 -18.95 88 7.98 7, 8
I Zw 18 ... 761 50 10.0 -13.84 2.6 ... 9, 10
aRotational velocity for NGC 1614 is from global CO 115 GHz emission-line profiles using the
half-width at 20% of the peak intensity and then correcting for the inclination (HLSA). All others
are from Martin (1998) and references therein.
bWNaD given is the total equivalent width of the entire Na D absorption feature, i.e. both
doublet lines, regardless of the source; it is uncorrected for covering factor.
cWNaD given for NGC 4214 is total sodium equivalent width for both NGC 4214-1 and NGC
4214-2, which have values of 0.18 A˚ and 0.86 A˚, respectively.
Note. — Systemic velocity value in the third column is from the first reference in the last
column. Absolute blue magnitude MB is calculated from the RC3 magnitude B
0
T , except in the
case of NGC 1614, which is calculated from the value given in the NASA Extragalactic Database
(NED) and corrected for Galactic/foreground extinction. H I mass is from the second reference in
the last column.
References. — (1) This paper. (2) Karachentsev, Makarov, & Huchtmeier 1999. (3) Casoli et
al. 1991. (4) Bushouse 1987. (5) NED. (6) Becker et al. 1995. (7) Lo et al. 1987. (8) Sofue 1997.
(9) Aloisi et al. 2003. (10) Papaderos et al. 1996.
– 34 –
Table 2. Interstellar Na I Column Densities
Galaxy v-vsys W5890
a Doublet FWHM Cf Z/Z⊙
b N(Na I)
(km s−1) (A˚) Ratio (km s−1) (1012cm−2)
NGC 1569 -24 0.20 1.38 39.7 0.23 0.25 0.62 ± 0.22
NGC 1614 -149 4.85 1.15 294.7 0.80 0.70 42.52 ± 0.20
+70 1.13 1.08 102.7 0.52 ... 58.93 ± 0.20
NGC 4214-2 -23 0.50 1.39 39.9 0.71 0.25 2.2 ± 0.28
NGC 4449 -34 0.17 1.07 30.9 0.27 0.25 50.9 ± 0.28
M82 -91 0.62 1.36 49.1 0.69 1.0 3.0 ± 0.17
-35 1.03 1.11 47.2 1.00 ... 1.7 ± 0.17
+4 0.77 1.13 36.7 1.00 ... 7.7 ± 0.17
+45 1.52 1.19 78.5 1.00 ... 9.4 ± 0.17
+86 0.46 1.98 24.6 1.00 ... 2.4 ± 0.17
NGC 2363 ... 0.11 ... ... ... 0.25 <0.57
NGC 4214-1 ... 0.04 ... ... ... 0.25 <0.37
NGC 5253 ... 0.07 ... ... ... 0.37 <0.20
I Zw 18 ... 0.25 ... ... ... 0.02 <1.27
Note. — Neutral sodium column density is contingent on ionization parameter and
fractional depletion of sodium onto grains. These quantities are inversely proportional
to the column density, and therefore the given values above are estimates in that
respect. See section 3.3.
aW5890 refers to the model fit of the blue line, in Angstroms, when interstellar in
nature. When no interstellar Na D is seen, an upper limit is given. This measurement
is uncorrected for covering factor, though a correction is included in the column
density calculations.
bMetallicity used is given in the following references: NGC 1569 – Martin et al.
2002; NGC 1614 – Storchi-Bergmann, Calzetti, & Kinney 1994; NGC 2363 – Lurid-
iana, Peimbert, & Leitherer 1999; NGC 4214 – Leitherer et al. 1996; NGC 4449 –
– 35 –
Skillman, Kennicutt, & Hodge 1989; NGC 5253 – Marlowe et al. 1995; M82 – Umeda
et al. 2002, and references therein; I Zw 18 – Martin 1996. Solar abundances are
defined in Cameron 1973.
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Table 3. Interstellar K I Column Densities
Galaxy v-vsys W7665
a Doublet FWHM N(K I)
(km s−1) (A˚) Ratio (km s−1) (1012cm−2)
NGC 1569 -24 0.38 1.38 39.7 1.9
NGC 1614 -149 0.68 1.15 294.7 6.0
+70 0.20 1.08 102.7 8.2
Note. — Neutral potassium column density is contingent on ion-
ization parameter and fractional depletion of potassium onto grains.
These quantities are inversely proportional to the column density,
and therefore the given values above are lower limits. See section
3.4.
aW7665 refers to the model fit of the blue line, in Angstroms. This
measurement is uncorrected for covering factor, though a correction
is included in the column density calculations.
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Table 4. Outflow Properties
Galaxy v-vsys Rshell
a MNaI MHI
b
(km s−1) (pc) (M⊙) (M⊙)
NGC 1569 -24 500 36±1 4.3× 106 ± 1.2× 105
NGC 1614 -149 1000 104±10 4.2× 108 ± 2× 105
+70 1000c 1.4× 104±10 5.8× 108 ± 2× 105
NGC 2363d ... 122 <1.0 < 2.4× 105
NGC 4214-1d ... 700 <42 < 5× 106
NGC 4214-2 -23 500 127±16 1.5× 107 ± 2× 106
NGC 4449 -34 1000 1.2× 104±65 1.4×109 ± 7.8× 106
NGC 5253d ... 870 <34 < 2.8× 106
M82 -91 743 381±21 1.1× 107 ± 6.5× 105
-35 286 32±3.2 9.6× 105 ± 9.6× 104
+4 500c 450±10 1.3× 107 ± 3× 105
+45 500c 540±10 1.6× 107 ± 3× 105
+86 500c 140±10 4.2× 106 ± 3× 105
I Zw 18d ... 970 <275 < 4.1× 108
Note. — Masses and errors are computed assuming fDfion = 100
and the radii given in the table. Metallicities used are given in Table 2.
Errors resulting from deviations from the model itself (e.g. non-sphericity
or other geometrical issues) are not included.
aRadii used in superbubble mass calculations are referenced in text.
bAtomic hydrogen mass. Calculated from MNaI as discussed in §4.1.
cRadii used for redshifted/infalling components in NGC 1614 and M82
are estimates based on the size of the expanding superbubbles.
dMasses given for NGC 2363, NGC 4214-1, NGC 5253, and I Zw 18
are upper limits based on calculations detailed in the text and Table 2.
